The Embedded Through-Section (ETS) is a recent strengthening technique that has been developed to retrofit existing reinforced concrete (RC) elements with shear reinforcement deficiencies. This technique is based on the execution of holes drilled through the element cross section, in which steel or fiber reinforced polymer (FRP) bars are inserted and bonded to the surrounding concrete with an epoxy adhesive. An experimental program was carried out with RC T-cross section beams strengthened in shear using steel ETS bars. The influence of the inclination and shear strengthening ratio of ETS on the shear strengthening efficiency was evaluated, as well as the interaction of ETS bars with existing steel stirrups. Two different analytical models are presented in this paper in order to calculate the contribution of ETS to shear resistance. The first model follows an empirical approach (experimental-based approach), while the second model takes into account the physical and mechanical principles of the technique (mechanical-based approach). The predictive performance of both models is assessed by using the experimental results.
Introduction
The Embedded Through-Section (ETS) is an effective technique for the shear strengthening of reinforced concrete (RC) elements. This technique is based on the execution of holes drilled through the element cross section, in which steel or fiber reinforced polymer (FRP) bars are inserted and bonded to the surrounding concrete with an epoxy adhesive. Different FRP-based strengthening techniques, like Externally Bonded Reinforcement (EBR) and Near Surfaces Mounted (NSM), are being investigated and applied for the shear strengthening of RC beams; however the ETS technique was proved to be particularly efficient, providing a significant increase of shear resistance, usually higher than the one attained by using NSM and EBR techniques [1] [2] [3] [4] [5] . The ETS technique is also a cost competitive and feasible solution when EBR and NSM
techniques cannot be applied [6] .
Like any FRP-based strengthening technique, the ETS technique relies its efficiency on the bond between the concrete substrate and the strengthening element; furthermore, the bond effectiveness is influenced by the provided confinement [7] [8] [9] . In fact, unlike the case of EBR simply glued on the concrete surface, a certain confinement obtained in the NSM FRP strips due to the insertion into thin slits open in the concrete cover allows to develop high bond stress. Oehlers et al. [10] demonstrated experimentally that by installing NSM strips into deeper grooves the bond performance can be improved. An even higher confinement, which entails advantages on the bond strength, is obtained for ETS installed bars due to the deep embedment into the concrete core of the element to be strengthened. Perrone et. al. [11] improved the bond performance of CFRP-NSM strips embedded in the concrete cover of RC columns by increasing the confinement effect through a hybrid strengthening solution.
To apprise the performance of the ETS technique for the shear strengthening of RC beams, an experimental program was carried out by using steel ETS bars. Three series of beams with different percentage of existing steel stirrups were tested with the purpose of evaluating the influence of the internal shear reinforcing ratio, as well as the influence of the percentage and inclination of the ETS bars on the strengthening effectiveness. A detailed description of the experimental program and the discussion of the results are presented in Breveglieri et al. [4, 5] .
The high number of parameters affecting the shear behavior makes this phenomenon quite complex and not yet completely addressed. The parameters that influence the shear behavior of a strengthened RC element were already identified [12] [13] [14] .
International guidelines on the use of FRPs [15] [16] [17] [18] take into account only a restricted number of factors, ignoring the influence, for instance, of existing transverse reinforcement.
Considering the experimental results obtained by the authors and previous experimental works [1, 3] , two different analytical formulations are assessed and presented herein in order to predict the contribution of the steel ETS bars for the shear strengthening of RC beams. The first approach, named experimental-based, is supported by the concept of effective strain, like the most of the existing approaches. The calculation of the effective strain can be performed using empirical equations [19] [20] [21] [22] or using a bond model [23] . The second approach, named mechanical-based, is derived by modifying the simplified formulation proposed by Bianco et al. [24] , originally developed for CFRP strips applied according to the NSM technique. This latest is a comprehensive three-dimensional model developed fulfilling equilibrium, kinematic compatibility and constitutive laws of the materials involved, as well as the local bond between the involved materials. [7, 25, 26] .
Experimental Program

Test series
The experimental program is composed by fifteen T cross section beams divided in three Series (Series 0S, 2S, 4S). Fig.1 presents the geometry and the reinforcement details of the tested series. The reinforcement system was designed, using a high percentage of longitudinal reinforcement ( sl  
 
).
Each series has a reference beam without ETS strengthening system, and four beams with different ETS strengthening configurations (Fig. 2) . The investigated parameters were the shear strengthening ratio ( fw  ) and the inclination (90°, 45°) of the ETS bars, as well as the influence of the percentage of existing steel stirrups. The diameter of the ETS steel bars was 10 mm. The ETS strengthening ratio varied between 0.15% (ETS bars at 90° spaced at 300 mm) and 0.34% (ETS bars at 45° and spaced at 180 mm). As an example, in Fig. 2 are represented the four strengthening configurations (beams 0S-S300-90, 2S-S300-45, 2S-S180-90 and 4S-S180-45 ETS steel bars offered resistance to crack opening and sliding by bridging the shear cracks and enhancing concrete's contribution to the shear resistance due to the aggregate interlock effect. The ETS strengthened beams showed a higher load carrying capacity after shear crack initiation, and higher stiffness retention in comparison to the unstrengthened beams [27] .
All of the beams exhibited shear failure mode, since a quite high flexural reinforcement ratio was adopted in order to avoid flexural failure mode. Fig. 4 shows the failure crack patterns for selected tested beams. The main results of the experimental tests are presented in Table 2 includes the average inclination of the critical diagonal crack (CDC), determined by connecting the points of the interception of the critical shear crack with the bottom surface of the beam's flange and the longitudinal reinforcement, as represented in Fig. 4 for 0S-S300-90 beam. By considering all the tested beams, an average value of the inclination angle of the CDC equal to 44° was obtained. This angle exhibited the tendency to increase with the shear reinforcement ratio, as already observed in previous studies on FRP shear strengthened structures [28, 29] . From the crack patterns presented in Fig.   4 it can also be observed that the number of diagonal cracks increases with the percentage of total shear reinforcement.
The 0S-Series is characterized by the absence of stirrups in the strengthened shear span ( sw  = 0.0%); the beams of this series presented the highest strengthening efficiency amongst the tested series, with an increase of load carrying capacity that ranged from 40% to 136%. For the ETS vertical bars, the beams with the lowest percentage of ETS bars, fw was obtained, which is a quite small strengthening contribution. This evidence is justified by the fact that the shear failure crack was only crossed by one ETS bar, which developed a very small resisting bond length (Fig. 4) . The results of this beam showed the importance of the adopted strengthening geometry, revealing that strengthened elements should be placed in between stirrups [3, 30] . These results clearly evidence that an analytical model for estimating the contribution of ETS bars must consider the eventual occurrence of a bond failure mode, expecially in case of vertical installed bars. For the beams with ETS bars inclined at 45° a higher increase of load carrying capacity was obtained. In fact, the beams with the The recorded strain values [4, 5] are dependent on the available bond length of the elements on which they are installed. In the vertical ETS bars the yield strain was usually attained in the elements that crossed the CDC at half of the beam's height (Beam 0S-S180-90, Fig. 4 ) since in this case the available bond length was adequate. If this available bond length is relatively small, the ETS bars cannot attain the yield strain due to slip occurrence. This implies that the contribution to shear resistance of a single ETS bar depends on its available bond length, as already demonstrated for EBR and NSM techniques [19, 28, [31] [32] [33] . Higher strains, that exceed the yield strain, have been in general recorded in inclined ETS bars, since this strengthening configuration assures larger bond transfer length. In some of the tested beams strengthened with inclined bars, the excellent bond conditions provided by the concrete core allowed the steel yield strain to be exceeded in more than one section of the same ETS bar crossing shear cracks. By using inclined bars, strain values higher than 0.8% were recorded in at least one of the ETS steel bars. Steel stirrups showed a trend in terms of strain variation similar to the ETS bars, attaining relatively high strains in the sections crossed by a diagonal crack. Moreover, the excellent anchorage conditions provided by the closed stirrups, as well as its smaller diameter (when compared to the ETS steel bars diameter), have assured the attainment of the yield strain in several sections monitored with strain gauges. In some of the beams, the steel stirrups have even attained its rupture (2S-S300-45, 4S-S180-90).
ETS steel bars failure mode
The ETS shear strengthening system mainly failed due to the debonding at the bar/adhesive interface. Due to the higher confinement provided to the ETS bars by the web-flange surrounding concrete under compression, debonding occurred in the bond length of ETS bars localized in the bottom part of the beam's cross section (apart 0S-S300-90, see Fig. 4 ), and generally in the shorter embedded length of the two parts in which the crack divided the ETS bar. During the opening and sliding process of this type of cracks, the vertical and inclined ETS bars that cross these cracks were submitted to axial and transversal force components leading the ETS bars to scratch the surrounding epoxy adhesive. This type of failure was also reported by Valerio et al. [1] , and Dalfré et al. [34] . Despite this observed behavior, the bond performance was capable to mobilize the yield stress of the steel bars, even in the beams strengthened with the highest percentage of ETS bars. Previous research on EBR and NSM techniques revealed that a crack pattern with smaller crack spacing can accelerate the FRP debonding and lead to a premature failure, since the bond length is decreased by the formation of several cracks [28, 35] .
ETS strengthening is generally characterized by crack spacing larger than EBR and NSM techniques, therefore, the resulting ETS crack pattern does not seems to influence significantly the bond performance. The types of failures reported by Bianco et al. [36] , namely, concrete fracture and mixed concrete-fracture-debonding did not occur in the present experimental program, due to the relatively high confinement provided by the concrete core surrounding the ETS bars.
However, it is not possible to exclude the occurrence of this type of failures in case of using lower concrete strength class, or higher bars diameter, since in this latter case the generated tensile force that has to be equilibrated by the surrounding concrete is higher [34] . The tendency to the detachment of the concrete cover with the increase of the shear strengthening percentage, observed when using the NSM technique [27, 37, 38] , was not observed in the ETS technique. Due to the scratching of the epoxy adhesive, the relatively small bond transfer length, and the absence of anchorage mechanisms, the maximum strain recorded in the ETS bars never attained the steel ultimate strain, and therefore the rupture of the steel ETS bars did never occur.
Influence of the percentage of existing steel stirrups on the ETS strengthening
As already demonstrated in beams strengthened with the ETS [2, 3] , EBR and NSM techniques [38] [39] [40] [41] , the effectiveness of the ETS strengthening system decreases with the increase of the shear reinforcement ratio of existing steel stirrups, sw  . In approaches have been used to evaluate the shear resistance of NSM and EBR systems [19] [20] [21] [22] , and have also been adopted by international codes [15, 16] .
The other model, herein designated as mechanical-based model (Section3.3), follows the modelling strategy described by Bianco et al. [24] . This latter is a simplified version of a more sophisticated three-dimensional mechanical model developed to predict the NSM-FRP shear strengthening contribution for RC beams, considering different physical phenomena, such as debonding and progressive concrete fracture process [7, 25, 36, 42] . The mechanical-based model is based on the evaluation of an equivalent average bond length that takes into account the concrete fracture as a reduction effect of the average resisting bond length. This model also adopts a simplified bilinear rigid-softening bond-slip diagram. This formulation, presented in section 3.3, will be modified herein in order to be applicable for the ETS technique.
Both approaches have been developed adopting the variable angle truss model [43] . As reported by Bianco et al. [24] , the CDC inclination is a function of the shear span-depth ratio ( 1 Ld ) [44, 45] , of the shear reinforcement ratio sw  , and of the percentage of shear strengthening ratio fw  . As shown in Table 2 , the average inclination of the CDC of the tested beams was 44°. Therefore, the currently used value of 45° for the critical diagonal crack inclination,  , is adopted for both approaches.
Experimental-based model 9
The experimental-based model estimates the contribution of the ETS strengthening system for the shear resistance of a RC element by determining the effective strain in the ETS bars fe  , which corresponds to the average strain in steel when the strengthened RC beam reaches its shear capacity. This empirical approach follows the procedure proposed for the NSM technique by Dias and Barros [22] . The force resulting from the tensile stress in the ETS bars crossing the shear failure crack, f F , is given by the following Eq. (2):
where fe f is the effective stress in the ETS bar, which is obtained multiplying the Young's modulus of the bars, sin sin
Introducing Eq. (4) 
The concept of effective strain to evaluate the shear contribution of the strengthening is usually applied to FRP strengthened elements [19] [20] [21] [22] , in which the strengthening material exhibits a linear elastic behavior up to failure. Since steel bars are used in the present work, the assumption of a linear elastic behavior can be used exclusively to calculate an effective strain fe  . In the case of steel ETS bars, the strengthening material exhibit an elastic-plastic behavior and the effective stress, 
Mechanical-physical based model
The mechanical-based approach herein proposed follows the main simplifications proposed by Bianco et al. [24] to their original model [26] . The CDC can be schematized as an inclined plane dividing the beam in two parts, joined together by the ETS bars crossing the plane. For the presented approach it is assumed that the inclined critical diagonal crack (CDC) at each load step assumes a constant opening along its entire length [46] , unlike what adopted by [42, 47] . At each load step the two parts moves apart and the opening of the crack, i.e. distance between these parts, increases. The ETS bars oppose to the crack opening by anchoring to the surrounding concrete and transferring the bond force originated by the imposed slip
The capacity of an ETS bar depends on its available bond length fi L that is the shorter between the two parts into which the crack divides its actual length f L (Fig 7a) . The local bond stress-slip curve is represented by a simplified bi-linear curve (Fig.7b ), in which it is possible to identify the "rigid", "softening friction", "free-slipping" phases [24, 42] . 
Proposed design formula
The input parameters include the following geometrical and mechanical data: the beam cross-section web's height  ETS bar's axis and principal generatrices of the conical fracture surface (Fig. 7c-d) , bond stress 0  and slip 1  defining the adopted local bond stress-slip relationship (Fig.7b) . The algorithm of this model is described in Fig.8 , which will be detailed in the following sections. 
Average value of the available resisting bond length
where ( Fig. 7a) : 
is adopted [24] .
Evaluation of Constants
The geometrical and integration constants characterizing the bond transfer mechanism are obtained from Eq. (12) to Eq. (19) .
The perimeter of the bar cross section:
The cross section area of the relevant prism of surrounding concrete: 
The effective resisting bond length More details on the evaluation of these model's constants are reported in Appendix A. 
Reduction factor  and equivalent value of the average resisting bond length
where, (see Appendix A): 
Rfi L has to be set equal to:
The function that defines the reduced embedded length,  , has relevant influence on the results of the model. In the present approach,  is assumed to be a square root function of 
Shear strength contribution provided by a system of ETS steel bars
Once the equivalent value of average resisting bond length is calculated, the effective capacity of the ETS bar 
Finally, the ETS shear strength contribution can be obtained as follows:
where n is the number of installed bars in the cross section.
Models appraisal
The proposed formulations were used to calculate the ETS contribution of the tested beams presented in section 2, as well as the RC beams tested by Valerio et al [1] and Barros and Dalfré [3] . Those two experimental programs were characterized by different test set-up, amount of longitudinal and transversal reinforcement, percentage and inclination of the strengthening system, and concrete compressive strength. Only the specimens failed in shear were considered in this study, and beams with unexpected behavior (for example 4S-S300-90) were also not considered. Ld ratio of 3.44. The main data of these experimental programs are reported in Table 3 .
Validation of the Experimental based model
The values of fe  calculated with Eq. (7) are plotted in Fig. 9 Table 1 and Table 3 ; the obtained results are collected in Table 4 . Fig 9 shows [19, 22] . The available data is relatively small for this type of approach, and the dispersion of results is high; a larger number of specimens is required for a better model assessment.
The analytical values, I f V , are evaluated according to Eq. (5), where the effective stress of the ETS bars is given by the following Eq. (28):
The analytical values, Table 4 , resulting an average value of 1.30 for the ratio exp I f fd VV , which seems acceptable for a technique where the strengthening reinforcements are protected from the aggressiveness of environment agents and vandalism acts .
Validation of the Mechanical based model
According to Bianco et al. [42] , the angle  defining the opening of the concrete fractured cone is set equal to 28.5°, but an interval between 20° and 30° was found in the literature [49, 50] . The simplified bond model is characterized by 0 [55] .
Regarding the present model, a sensitivity analysis to study the influence of each input parameter has been carried out by
Bianco et al. [24] , demonstrating that using the proposed simplified bond model the results are not significantly affected by changing the values of 0  and 1  , but they are significantly affected by the values attributed to  and  .
The predicted values Table 5 . Table 5 ).
In the cases where more than one ETS bar is installed in a cross section, a detrimental interaction effect on the strengthening capacity of each bar should be considered. (Fig. 5) . A reduction factor, function of the internal transverse steel reinforcement, could be introduced, as proposed for EBR and NSM strengthening [30, 40, [56] [57] [58] .
Like the experimental-based model, the mechanical-based model is able to differentiate between yield and debonding failure, as proved by the results reported in Table 5 .
Conclusion
This paper presents the results of an experimental program on RC beams strengthened in shear using the ETS technique.
The effectiveness of this technique was evaluated by studying the influence of three shear reinforcement ratio of existing steel stirrups ( sw  = 0%,0.10%,0.17%), spacing (300mm and 180mm) and inclination (90° and 45°) of steel ETS bars. The data obtained in the experimental program carried out, together with the experimental results available in literature dealing with the ETS technique were used to assess the predictive performance of two analytical approaches, denominated as experimental-based and mechanical based that were herein proposed for the estimation of the shear strengthening contribution assured by steel ETS bars.
The tested strengthened ETS beams exhibited a significant increase of load carrying capacity and deflection capacity for both vertical and inclined bars. However, the configuration with inclined bars has assured a much higher effectiveness, which is justified by the fact that for this latter configuration a higher available bond length was assured. Inclined bars were able to mobilize integrally the strength capacity of the ETS shear reinforcement, while in vertical ETS bars the resisting bond length of the bars crossed by the critical shear crack may have been not enough to mobilize its yield strain. As expected, the effectiveness of the ETS technique has decreased with the percentage of existing steel stirrups, especially for vertical ETS bars. The obtained results demonstrate that the ETS shear strengthening technique is an effective and competitive solution.
In terms of analytical models, the so called "experimental-based approach" is based on the concept of effective strain   , cos 1 sin
With the bond transfers length function of the 
With bond modelling constants [25, 42] for a ETS bar embedded in a concrete prism: V . This latter will be attained for a transfer length that is equal to Rfi L (Eq. 22). In general it can be written:
The concrete fracture capacity can be calculated by spreading 
The bond transferred force is given by Eq. 
Substituting this latter in Eq. A.5 the 
FIGURE CAPTIONS
Fig. 1. Tested beams: geometry, steel reinforcements applied in all beams. Beam 4S-S300-45 is presented: stirrups spaced at 180 mm and inclined ETS bars spaced at 300mm (all dimensions in mm).
Fig. 2
Tested strengthening arrangement: (a) 0S-S300-90, vertical ETS spaced at 300mm ; (b) 2S-S300-45, inclined ETS spaced at 300mm ,(c) 4S-S180-90, vertical ETS spaced at 180 mm ,(d) 4S-S180-45, inclined ETS spaced at 180 mm(dimensions in mm).
Fig. 3
Load deflection relationship for 2S-Series.
Fig. 4
Crack pattern beams: 0S-300-90, 0S-S180-90, 2S-300-45, 2S-S180-90, 2S-S180-45, 4S-S300-90, 4S-S180-90, 4S-S180-45. 
